Abstract-A novel overmodulation strategy for space-vector pulsewidth modulated (PWM) inverters is proposed. The method, which increases the range of linear control of the output voltage by 10%, is based on Fourier series representation of the reference voltage.
. Start-up performance of the system directly from DVC mode.
TMS30C30-type DSP, and the experimental results of the total drive system will be reported in the future.
V. CONCLUSION
A zero-speed start-up method has been developed and investigated for a speed sensorless induction motor drive that uses stator-fluxoriented direct vector control. The stationary frame current model of the machine (Blaschke equations) without a speed signal has been modified for stator-flux vector estimation and used to start the machine and, then, switched to standard direct-vector-control mode at zero speed. The start-up scheme has been verified by simulation study and its performance was found to be excellent. It is being implemented on a 100-kW electric vehicle drive with a TMS320C30-type DSP, and the experimental performance of the total system will be reported later.
I. INTRODUCTION
For better utilization of the dc-bus voltage in pulsewidth modulated (PWM) inverters, novel methods of overmodulation have been proposed. In sinusoidal PWM (SPWM), the control range can be extended by 15% by adding the third harmonic [1] . Recently, a new scheme using the describing function of the saturated output voltage has been developed, where a compensated reference voltage is generated with amplified inverter gain, which fully provides a linear control range [2] .
On the other hand, the space-vector PWM has been popularly applied to voltage modulation of the inverter, since its linear control range is wider than that in the SPWM [3] . In overmodulation, the voltage reference that deviates from the hexagon envolope is usually scaled down to the point on each side, with the phase angle unchanged [4] . Therefore, the correct fundamental component cannot be obtained, and the maximum output voltage of the inverter is not available. An overmodulation scheme proposed by Holtz involves two modes of overmodulation depending on the modulation index (MI). In mode I, however, the fundamental voltage cannot be generated as exactly equal to the reference voltage, since the contribution of the voltage increment around each corner of the hexagon to the fundamental component differs from that of the voltage decrement around the center of each side of the hexagon.
In this letter, a novel overmodulation strategy for the space-vector PWM to produce the exact fundamental voltage is proposed, where reference angles based on Fourier series expansion of the desired output voltage are derived. It is confirmed by numerical data that linear control of the inverter output voltage is feasible over the whole overmodulation range.
II. A NOVEL OVERMODULATION STRATEGY
The modulation index for PWM inverters is defined here as
where V 3 is the phase voltage reference and V dc is the inverter input voltage. The limit of linear output range for the space vector PWM is at MI = 0.906. If MI is higher than this value, overmodulation occurs.
The basic concept of the proposed strategy is similar to [5] , where the insufficient output voltage around the center of the sides of the hexagon is compensated near vertices. According to MI, the overmodulation range is divided into two modes. 
Expanding ( 
Since F (r) is equal to the peak of the reference voltage, considering 
Since (8) For segments of A and C in Fig. 1(a) , the reference trajectory follows the hexagon side, and for segments of B and D, the new reference voltage is a sinusoidal waveform with the peak value of (9).
The upper limit in mode I is when r = 0 , namely, MI = 0.955, which is higher than 0.952 in [5] . The overmodulation in mode II is also similar to [5] , however, there is no description on how the holding angle h is derived. Thus, the expression based on Fourier series expansion in the same way as in mode I is developed below. When MI is higher than 0.955, there remains no surplus area of hexagon vertices to recover the voltage loss around the center of the side.
In this region, the reference voltage is held at a vertex for a particular time and then moves along the side of the hexagon for the rest of the switching period. The holding angle controls the time interval that the active switching state remains at the vertices, which uniquely controls the fundamental voltage.
From Fig. 1(b 
Substituting (10)- (13) into (6) and relating the result of the integral with (7),
where the lower limit in mode II is at h = 0, that is, MI = 0.955. When h = 6 , which is the upper limit in mode II, the inverter operates in six-step mode.
III. NUMERICAL DATA Fig. 2(a) and (b) shows the reference angle r derived from (8) in mode I and the holding angle h calculated from (14) in mode II, with regard to MI, respectively. It is shown that, in mode I, the reference angle for the proposed method is different from that in [5] . In mode II, the holding angle is the same and determined uniquely. From this data, an obscurity over the region of MI from 0.952 to 0.955 in [5] is clearly solved. Fig. 3(a) shows the fundamental component of the output voltage with regard to MI. The proposed method gives a linearity of the output voltage over the entire range of overmodulation. However, when the angle obtained by the method [5] is substituted into (9), the output voltage is somewhat nonlinear, in mode I.
IV. CONCLUSION
For the space-vector PWM, a novel overmodulation method, based on Fourier series representation of the reference voltage, has been proposed. The proposed strategy provides a linear control of the PWM inverter output voltage over the entire overmodulation region.
